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Proton Radius Puzzle

G
PROTON

New value for charge radius

‘ Wiy

Proton Radius | Spectroscopy | Scattering
Electron 0.8758(77)fm!) | 0.8 — 0.9fm"
Muon 0.84087(39)fm"*! 777

[1] P.J. Mohr, B.N. Taylor, D.B. Newell, Rev. Modern Phys. 84 (2012)
[2] C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016) and 2017 update
[3] Antognini, Aldo et al. Science 339 (2013) 417-420
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Outline

Experimental Background

Why QED-NRQED?

One photon exchange at power m?/M?
Two photon exchange at leading power

Future endeavors



Spectroscopy

* Measure Lamb shift

* Difference between 2S,, and 2P, ,, energy states
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Textbook Example

* Assume the charge density p is spherically symmetric

1

F(q) = /darp(|r|)eiq'r or p(|r]) = (27)?

/ F(q)e™*"d’q

* For small g

Flq) =1- ngQ>+---.
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* From Gauss’s Law
€] / N ()
V(r) = d’qe 9T ——
() emp ) T q
* Potential can be expanded to be

Vi) = 12— Ciee) +

4dmr
* From perturbation theory

4

AEy = W1 els @) ) = 25 m2(r?) 8,
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Muon is ~200 times more massive then the electron

Effect is ~2003 times larger

Smaller error for the radius

Muonic Hydrogen: r = 0.84087(39) fm

Atomic Hydrogen: r = 0.8758(77) fm



Delayed / prompt events (10-4)

llll

CODATA-06

lllllllllllllllllllllllll

e—p scattering

H,0 calibration

" Our value

i

l L 1 L 1 l 1

49.75 49.8

49.85 49.9

Laser frequency (THz2)

Pohl et al. Nature 466, 213 (2010)
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Muonic Spectroscopy

* Experimental precision requires separation of one and two
photon exchange

AE; = 206.0336(15) — 5.2275(10)r% + AErpE

Y y

Muon QED One Photon Two Photon

* AE;y is the contribution from the Two Photon Exchange
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Muonic Scattering Experiment (MUSE)

* Experiment at Paul Scherrer Institute in Switzerland

e e*/e and n* /u beams scattering off a proton target

Steven Dye Wayne State University

10



MUSE

Quantity Coverage

Beam momenta 0.115, 0.153, 0.210 GeV/c
Scattering angle range 20° - 100°
Azimuthal coverage 30% of 27 typical

Q? range for electrons |0.0016 GeV? - 0.0820 GeV?
Q? range for muons |0.0016 GeV? - 0.0799 GeV?

doyuse — QED-NRQED — Spectroscopy

MUSE Collaboration Technical Design Report January 8, 2016
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Why QED-NRQED?

Effective Field Theories describe physics within a certain
energy scale

QED-NRQED combines

— Quantum Electrodynamics (QED)
— Non-Relativistic Quantum Electrodynamics (NRQED)

Relativistic particles use QED

Non-Relativistic particles use NRQED



m=muon mass ~ 100 MeV/c?

M=proton mass ~ 1000 MeV/c?

Muonic Hydrogen: p “mca ~ 1 MeV/c

— Muon is non-relativistic

MUSE: p ~ mc ~ 100 MeV/c

— Muon is relativistic: Use QED

— Proton is non-relativistic: Use NRQED



QED Lagrangian:

Overview of QED

L=10~"i(0,+ieQ.A,) L —mll

Photon Propagator: H 7 d — gy
q2 — A2
Fermion Propagator: ; i(p + my)
p? —m2 + i€

Vertex:
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Overview of NRQED

* To Order 1/M?2 1]

J
f

2 . I v 1
£=z,f)f{iDt+02£+ cpe:MB +cDe[V El

oc-(DXE—-EXxD,)
2M

+ iCq€
3 WE

e Schrodinger’s Equation

e Spin Orbit Coupling

e Darwin Term

[1] W.E. Caswell and G.P. Lepage Phys.Lett. B167 (1986) 437
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Overview of NRQED

e To Order 1/M?2 1]

. ) D? o'B V-E U'(DXE—EXD)
_ D®  ~ ~ [V-E] . |
L=1Y {ZDg + Co oM @ _2.'\'1 +cpe e + icge e } b+

* . is the magnetic moment ~2.790]

is equivalent to the proton radius

1] W.E. Caswell and G.P. Lepage Phys.Lett. B167 (1986) 437
[2] K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update
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NRQED Feynman Rules!

Coulomb Photon Propagator

q‘.?_/\Q

Space-like Photon Propagator

Q9090000 J i(6Y — Fi)
2

(¢°)" —a® — A% +ie

NR Fermion Propagator - 2
q B
B — 537+

Coulomb Vertex

[1] T. Kinoshita and M. Nio, Phys. Rev. D 53, 4909 (1996) [hep-ph/9512327]
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NRQED Feynman Rules!

* Dipole Vertex @ ,
i.(, o P tP)

D p
* Fermi Vertex
eCcr , ,
p 4 oM
* Darwin Vertex |
N - ecp
p P s P

[1] T. Kinoshita and M. Nio, Phys. Rev. D 53, 4909 (1996) [hep-ph/9512327]
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From Wilson Coefficients to the Charge Radius

e Wilson Coefficients related to Form Factors!l2!

cp = Fi(0) + 25(0) + 8M2F(0)  cr = Fy(0) + Fy(0)

2
Fi = dFy(¢°)/de®  Gr(¢®) = Fi(¢®) + #5( )
Gu(q®) = Fi(¢®) + Fa(q?) '

* FF’s describe interactions between particles without going into
detail about the interaction

[1] A. V. Manohar, Phys. Rev. D 56, 230 (1997)
[2] R. J. Hill and G. Paz, Phys Rev. Lett. 107, 160402 (2011) [arXiv:1103.4617]
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* Arise from matrix element of electromagnetic current

F 2 v i
5 2(q%) gy | u(p:)

(N(ps)|J5™|N(p:)) = alpy) |7uF1(g°) +

e Where quf_pz'

 Relation between form factors and charge radius!!]

<TE>2 - = 2
GE(O) dq

g%=0

[1] J. C. Bernauer et al. [A1 Collaboration], Phys. Rev. Lett 105, 241001 (2010)
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Properties of QED-NRQED

* AIRcut off and M, is UV cut off
* No Deep Inelastic Scattering contribution

* Describes only Electromagnetic interactions
— Strong interaction information encoded in Wilson Coefficients
— Pion is not considered a dynamical degree of freedom



Why Not QED-QED?

 QED makes the assumption that all particles are fundamental
particles (point like)

* Proton is a composite particle!



Why Not NRQED-NRQED?

 NRQED is power expanded in p/m (or v)

e At relativistic momentum (p ~ m), series does not converge



QED-NRQED Scattering of One Photon
Exchange to power m2/M?



Lepton-Proton elastic scattering

k k' k %
o f - o
i
|
=.=:l=.=
p P p 4

At power m?/M?

=2
“\ 1 i,
Moy = —€*ZQ; [(1 —cp 8M?> (ﬁﬁ;{pu(k )y u(k)

Z =1 for a proton
Q, is the lepton charge (1)
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¢(k) + p(p) — £(K') + p(p)

k k'

? -
|
|
|

e
p 4

CF 1 kit ok " i
+2m?61 ¢ &0 &pu(k' )y u(k)

25



Compare to Rosenbluth Scattering
* To power m?/M?

—2 - 64 Z2 Q? 1

v 2B | *+cp(qP 4B —4m®) +cp (§% - 4E?)
e T

2 =2
UE*=0%) =3 + M2

e Replace WC’s with FF’s to reproduce Rosenbluth scattering
to power m2/M2 [1]

do  a? p/p [GQ (4EE' + ¢%)
dY  q*1+ (E— (pE'/p)cos®)/M L 51 —q2/4M2
. 1 q* g*m?
2 / 2 .
+ G ((UBE + ) (1 - = 2/ Y e T )]

[1] E. Borie arXiv:1207.6651
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QED-NRQED Scattering of Two Photon
Exchange at Leading Power

Dye, Gonderinger, and Paz Arxiv:1602.07770



QED-NRQED Amplitude

k l k' k [ k'
¢ \ ) S Loy - Y ol

| | \ 7/

| | \ 7/

\ 7/

I I \ /

-

: : /,/ \\\

*:l P L* *II P \-=—=
p ptk—-1 p p p+k+1 P
To leading power m/M

iM (2r)'S' (K +1 —k—p) = /

d*l 2x0(1° — k°) 2m0(1° — K'°) a(K)A° (J + m) ~u(k)
(n) (1= k)2 — X2 (1= k)2 - 22 2 _m?

x (=)iZ*Q%"* (2r)*8% (k' + p' — k)
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Static Potential Amplitude

Using a screened coulomb potential:
Ao 20— Zee )"_ 7 / d*q 276(q") icx
N i %) Prig— et

dl 2mo(I° — k%) 278(1° — k) a(k)y (F+m) ulk)
@mi(—k?2=X2 (I-K)2-\ 22— m?

iM(2m)o(k'° - k) = —iZ°Qle" /

R. H. Dalitz, Proc. Roy. Soc. Lond. 206, 509 (1951)
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Comparing Results

* Both methods give the same result

QED-NRQED:

iM (206K +p —k—p) = / (dﬂ 2nd(l" =) 2n6(1" = k™) u(k)y” (+ m)7"ulk)

o)t (1= k2= X2 (I— k)2 = \2 2 — m?

x (=)iZ*Q%" (2n)°8% (k' + 9’ — k)
Static Potential:

d'l 2mo(I° — k%) 2m6(1° — K'°) a(k)y° (F +m)~u(k)
Vi (I—k2— A (1= k)P =\ 22— m?

iM (2n)5(K° - k") = —iZQQfe4/ (

 Same Amplitude
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Cross Section

* Both Amplitudes result in the same cross section

* Mott Scattering with a correction

do |4Z%020Q%E? (1 — v2sin® 2 wvsin 2(1 —sin £
—-— Qf ( 2) I_QZQQ 2( — 2)

dQ2 gt 1 — v?sin” 3

* v=p/E

R. H. Dalitz, Proc. Roy. Soc. Lond. 206, 509 (1951)
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Future Work



* Establish a direct relation between u-p scattering and
muonic Hydrogen

— TPE contributes to b, constant in nucleon-relativistic lepton
effective lagrangian!t!

Loy = —=Tply2l + ... by ~ O(a?)

* Look at Two Photon Exchange up to power m2/Mm?2 12!
— Include 1/M and 1/M? power vertices

[1] R. J. Hill, G. Lee, G. Paz and M. P. Solon, Phys. Rev. D 87, no. 5, 053017 (2013) [arXiv:1212.4508 [hep-ph]]
[2] Dye, Gonderinger, Paz In Progress
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Summary

Looked at One Photon Exchanges
— To leading power

— To power m/M

— To power m?/M?

Looked at Two Photon Exchanges
— To leading power

— To power m/M

— To power m?/M?

Reproduced known results with QED-NRQED Effective Field Theory

Establish a direct comparison between spectroscopy and scattering
data



END



Extra Slides



Proton Charge Radius Data

VALUE (fm) DOCUMENT ID TECN  COMMENT

0.8751 +0.0061 MOHR 16 RVUE 2014 CODATA value
0.84087 +0.00026 +0.00029 ANTOGNINI 13 LASR pp-atom Lamb shift

e o ¢ We do not use the following data for averages, fits, limits, etc. e o o

0.895 =+0.014 =+0.014 1 LEE 15 SPEC Just 2010 Mainz data
0.916 +£0.024 LEE 15 SPEC World data, no Mainz
0.8775 £0.0051 MOHR 12 RVUE 2010 CODATA, ep data
0.875 =+£0.008 +£0.006 ZHAN 11 SPEC Recoil polarimetry
0.879 +£0.005 +0.006 BERNAUER 10 SPEC ep — ep form factor
0.912 +£0.009 =£0.007 BORISYUK 10 reanalyzes old ep data
0.871 £0.009 =0.003 HILL 10 z-expansion reanalysis
0.84184+0.00036 =0.00056 POHL 10 LASR See ANTOGNINI 13
0.8768 +0.0069 MOHR 08 RVUE 2006 CODATA value
0.844 +0-008 BELUSHKIN 07 Dispersion analysis
0.897 =£0.018 BLUNDEN 05 SICK 03 + 2v correction
0.8750 +0.0068 MOHR 05 RVUE 2002 CODATA value

0.895 +£0.010 =£0.013 SICK 03 ep — ep reanalysis
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Kinematics used

P=p+q, kK=k—gq, p'=M, Kk =m?
p-q=M(E—-E)=Mq =—¢"/2,
k-g=4°/2, §"=—¢"+q'/AM".

There are also several approximate relations between the various kinematic variables:

1
2 —2 —4 2

— 1
.—9 —9 T
k-q q/2+(9(M>,

oo 22 i
k'-q= /2+(9(M).

Steven Dye Wayne State University 38



Wilson Coefficients

ep = Fi(0) + 2F,(0) + 8M2F(0) cr = Fi(0) + F(0)

2
! T q
F = dFy(¢)/dg*  Gi(¢') = Fi(¢)+ 5 Rl@)  Gu(e®) = i) + Fal¢)

Where r¢ is the charge radius

(,,,2)% _ 6h” dGg(q%)
P Gg(0)  dg?

g*=0

R.J. Hill, G. Lee, G. Paz and M. P. Solon, Phys. Rev. D 87, no. 5, 053017 (2013) [arXiv:1212.4508 [hep-ph]]
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Point Particle QED Amplitude

k [ '
— o
P

p p+k—l p’
e Taken to the limit of M=» oo

e Same result as QED-NRQED

| @il w(k)° (7 +m) Yu(k)ELE,
7212 4 P
M = Z°Qje / 2n)* (1 - k)2( — K)2(2 — m2)

Steven Dye Wayne State Uni

k l K
— -
-
p p+ Kk +1 P
1 1
-+ :
KO —194+4¢ [0 —EKk'0 4 z¢

versity

)
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Differences in Scatterings

Coulomb Scattering: NR and massless lepton
Mott Scattering: R and massless lepton

Rosenbluth Scattering: R and massive lepton!]

do m*M p'/p

Y ~ 412 M+ E - (pE'/p’)cosh

All hit an infinitively massive, point like proton

[1] J.D. Bjorken, S.D. Drell, Relativistic Quantum Mechanics, McGraw-Hill, New York,1964
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Electric and Magnetic Form Factor Ratio

2.0 T 1 T T :
Unpolarized data:

Bartel (DESY, 1973)
Walker (SLAC, 1994)
Andivahis (SLAC, 1994)
Christy (JLab, 2004)
Qattan (JLab, 2005)

®* A 6 OV

Polarized data:

Punjabi (JLab, 2005)
Puckett (JLab, 2012)
v Puckett (JLab, 2010)

pGE/Gu

>

- - Kelly fit (PRC 70, 068202)

Novosibirsk TPE Collaboration https://www.jlab.org/indico/event/160/session/14/contribution/13/material/slides/0.pdf
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